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E-mail address: bskang2@knu.ac.kr (B.S. Kang).Two sensor kinases, DosS and DosT, are responsible for recognition of hypoxia in Mycobacterium
tuberculosis. Both proteins are structurally similar to each other, but DosS is a redox sensor while
DosT binds oxygen. The primary difference between the two proteins is the channel to the heme
present in their GAF domains. DosS has a channel that is blocked by E87 while DosT has an open
channel. Absorption spectra of DosS mutants with an open channel show that they bind oxygen
as DosT does when they are exposed to air, while DosT G85E mutant is oxidized similarly to DosS
without formation of an oxy-ferrous form. This suggests that oxygen accessibility to heme is the pri-
mary factor governing the oxygen-binding properties of these proteins.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction DosT, which is an oxy-form, turns to a deoxy-form when oxygen isMycobacterium tuberculosis has been shown to undergo a meta-
bolic transformation to its non-replicating state under the inﬂu-
ence of environmental stimuli such as hypoxia [1]. The bacteria
sense hypoxic conditions through a regulatory system that consists
of two sensor histidine kinases, DosS and DosT, and the cognate re-
sponse regulator, DosR [2,3]. Both kinases are necessary for full
induction of the DosR regulon; however, they have different roles.
DosT responds immediately while DosS responds later [4,5]. Oxy-
ferrous and ferric forms of these histidine kinases are inactive,
whereas deoxyferrous forms are active [6,7]. The heme iron of
DosT resists autooxidation of Fe2+ to Fe3+ in the presence of O2,
indicating that its conversion between deoxyferrous and oxyfer-
rous forms is the mechanism by which DosT recognizes O2 [6].
However, DosS undergoes autooxidation upon exposure to O2
[6,8]. A reduced menaquinone pool triggers induction of the DosR
regulon via DosS [9]. Thus, an oxidized form of DosS is reduced, andchemical Societies. Published by E
or sensor; DevS, differently
clic nucleotide phosphodies-
scription factor FhlA; S-GAF,
omain of DosT; RMSD, root-
on
ong, Buk-gu, Daegu 702-701,limiting (Fig. 1).
DosS and DosT proteins are similar to each other as they consist
of a sensor core containing two GAF domains and a kinase core
[10]. The ﬁrst GAF-domain (GAF-A) contains a heme and senses
hypoxic conditions. Recently, crystal structures of GAF-As from
DosS [8] and DosT [11] were determined. The folding of domains
was almost identical and the heme environments were similar. A
reduced heme iron in DosS GAF-A (S-GAF) is ﬁve-coordinated,
and with aeration a water molecule binds at the distal position
of the heme [8]. But, a dioxygen molecule binds at the distal posi-
tion of the heme in DosT GAF-A (T-GAF) [11]. What makes two
similar heme-containing sensors such as DosS and DosT respond
to oxygen differently? In the GAF domain the heme is embedded
and the iron in the heme can be isolated from the oxygen outside
of the domain. A structural difference between S-GAF and T-GAF is
the route to heme. S-GAF has a small channel to heme that can be
blocked by the side chain of E87, but T-GAF has a large channel to
heme because of the presence of G85, which corresponds to E87 in
S-GAF.
Here, three mutants, S-GAFE87A, S-GAFE87G, and T-GAFG85E were
generated from S-GAF or T-GAF, and the UV–vis spectrum of the
mutants compared with those of wild type S-GAF and T-GAF.
Reduction and oxidation by aeration of the mutants resulted in
absorption peak patterns that were similar to those of T-GAF, but
not those of S-GAF. The structures of S-GAFE87A and S-GAFE87G werelsevier B.V. All rights reserved.
Fig. 1. Different sensing mechanisms for DosS and DosT. Heme based sensors, DosS
and DosT function as a redox sensor and a direct oxygen sensor, respectively. In the
presence of O2, DosT exists as an oxygen bound reduced form while the heme of
DosS is oxidized and unable to bind oxygen. In hypoxic conditions, DosT turns to the
deoxy form while DosS becomes a deoxyferrous form in response to a reducing
signal.
1874 H.Y. Cho et al. / FEBS Letters 585 (2011) 1873–1878identical, except for the channel to the heme which was caused by
removal of the side chain.Fig. 2. GAF domain structures of DosT and DosS. The structures of the domains from DosT
internal channel. Heme and side chain of E87 are shown as sticks. Arrows indicate the en
Residues H93, I125, and G117 from a3 and two loop regions forming entrance of the cha
mutants. Ca traces of S-GAFE87A (cyan) and S-GAFE87G (magenta) are superimposed on t2. Materials and methods
2.1. Protein expression and puriﬁcation of GAF domains
The M. tuberculosis S-GAF gene was cloned into the pHIS-paral-
lel vector as reported previously [8]. The DosT gene (Rv2027c) was
cloned from the chromosomal DNA of the M. tuberculosis H37Rv
strain by polymerase chain reaction (PCR). The T-GAF gene (K61
to R208) was ampliﬁed by PCR and cloned into the pHIS-parallel
vector. Mutations of S-GAF at E87 to alanine or glycine and of T-
GAF at G85 to glutamic acid were performed by site-direct muta-
genesis. The mutations were veriﬁed by direct DNA sequencing.
Recombinant plasmids were transformed in Escherichia coli BL21
(DE3) for protein expression.
The expression and puriﬁcation of proteins were performed as
reported previously [8]. For spectral analysis, the proteins were
subjected to gel ﬁltration with a Superdex G75 column equili-
brated with 50 mM Tris–HCl, pH 8.0. For crystallization, the buffer
for the mutant proteins was exchanged with 20 mM Tris–HCl, pH
7.5, and the protein was concentrated to 30 mg/ml.
2.2. Crystallization and structure determination
Crystallization of the puriﬁed S-GAFE87A and S-GAFE87G was ini-
tially performed by the sitting-drop vapor-diffusion method at(A), DosS (B) are presented with ribbon and mesh, which are sectioned to show the
trance of the channel. (C) Ribbon diagram of S-GAF shows the folding of the domain.
nnel are shown with dots. (D) Structural comparison of wild type S-GAF and its two
hat of the wild type (green).
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crystal [8]. The best crystals were obtained in the presence of
19% PEG 6000 (for S-GAFE87A) or 17% PEG 3350 (for S-GAFE87G) as
the precipitant in 0.2 M calcium acetate in 0.1 M Tris–HCl (pH
7.0). The diffraction data set for S-GAFE87A and S-GAFE87G crystals
was collected at the 6C and 4A beam line of the Pohang Accelerator
Laboratory, respectively.
The structures of mutants S-GAFE87A and S-GAFE87G were deter-
mined by the Molecular Replacement method with AMORE [12]
using the wild type S-GAF structure as the template at resolutions
of 1.8 and 1.9 Å, respectively. Reﬁnement with isotropic displace-
ment parameters was performed with Refac5 [13]. The crystallo-
graphic data statistics are summarized in Supplementary Table I.
The ﬁnal models were deposited in the worldwide Protein Data
Bank under the ID codes 2Y79 and 2Y8H for S-GAFE87A and S-GA-
FE87G, respectively.
2.3. Spectroscopic analysis
The absorption spectra were measured using a UV–vis spectro-
photometer (Optizen 3220UV, Mecasys). Ten lM of protein (S-GAF,
T-GAF, S-GAFE87A, S-GAFE87G or T-GAFG875E) in 50 mM Tris–HCl, pH
8.0 buffer was subjected to wavelength scanning. Oxidation and
reduction of the proteins was performed by the addition of
0.1 mM potassium ferricyanide and 1 mM sodium dithionite,
respectively. For atmospheric O2 exposure, the cuvette, ﬁlled to
two-thirds its volume with the reduced protein solution, wasFig. 3. Structures of mutant GAF domains. The heme distal areas of S-GAFE87A (A) and S-
methyl group at A87 while S-GAFE87G has no density for a side chain. The channels to the h
are contoured at the 1.0 r level. The structures of the domains from S-GAFE87A (C) and S
internal channel. Heme and side chain of E87 are shown as sticks. Arrows indicate the einverted three times to insure thorough mixing with air bubbles.
UV–vis spectra were measured ten times at eighty second intervals
with aeration.3. Results
3.1. Analysis of wild type and mutant channels
The route from outside of the protein to the iron in heme is lim-
ited to a channel in S-GAF and T-GAF. The channels to the heme in
the S-GAF and T-GAF differ because T-GAF has a wide-open chan-
nel while S-GAF has a narrow, bent channel (Fig. 2A and B). In S-
GAF, the side chain of E87 in the middle of the channel blocks
the channel to the heme iron completely when it faces the heme.
The entrance to the channel is surrounded by a3 helix, the N-ter-
minal region of the loop connecting b1 and b2 strands, and the
C-terminal region of the loop connecting a2 and a3 helices. The
amino acid residues, I125 from the a3 helix, and H93 and G117
from each loop limit the size of the channel (Fig. 2C). In T-GAF,
the wide-open channel to the heme consists of a3 helix, b5 strands,
and a loop connecting b1 and b2 strands, and it is narrower close to
the heme (Fig. 2A). The absence of a side chain at G85 (correspond-
ing to E87 in S-GAF) keeps the channel open.
To open the channel to the heme in S-GAF, two mutants S-GA-
FE87A and S-GAFE87G were generated. The absence of the side chain
could increase the accessibility of O2 to the heme. To identify com-GAFE87G (B) are shown with electron density maps. S-GAFE87A has the density for a
eme are ﬁlled with water molecules (red spheres). The 2Fo-Fc electron density maps
-GAFE87G (D) are presented with ribbon and mesh, which are sectioned to show the
ntrance of the channel.
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the crystal structures of the two mutants were determined (Sup-
plementary Table 1). Their structures were compared to that of
wild type S-GAF (Fig. 2D). The folding and the position of loops
in both mutant proteins were similar to the wild type protein.
The RMSD values between Ca atoms of mutants, S-GAFE87A and
S-GAFE87G and those of the wild type are 0.14 and 0.34 Å, respec-
tively. The differences in the mutants were limited to the absence
of the side chain of amino acid residue 87 (Fig. 3A and B). An ace-
tate group was deleted in S-GAFE87A and deletion of a methyl group
in S-GAFE87G widens the channel. Thus, both mutants have an open
channel to the heme (Fig. 3C and D). Two water molecules are lo-
cated where the two oxygen atoms of the E87 carboxyl group are
located in S-GAFE87A (Fig. 3A). The width of the middle of the chan-
nel (between b1 strand and a3 helix) was increased to 6.3 and
8.0 Å in S-GAFE87A and S-GAFE87G, respectively. However, the sizes
of entrance to the channel were similar and they were narrower
than the channel in T-GAF.
3.2. Distinct spectra of the heme binding GAF domains of DosS and
DosT upon aeration
Heme containing GAF-A absorbs UV and visible light exhibiting
characteristic absorption peaks that depend upon the oxidationFig. 4. Absorption spectra of S-GAF and T-GAF. Puriﬁed S-GAF (A) and T-GAF (B) prote
reduced by dithionite. After dithionite treatment, the change in the absorbance spectrum
and T-GAF (D) were exposed to air. The spectrum of the reduced proteins (dark red) wa
change of spectrum is shown by rainbow (red to purple), dark purple, and black. The chstate and the ligand bound to the heme [6,7]. The absorbance spec-
tra of oxidized and reduced forms of S-GAF and T-GAF were
compared as shown in Fig. 4A and B. Puriﬁed S-GAF shows a Soret
peak at 409 nm and two peaks at 500 and 630 nm. With ferricya-
nide treatment, absorbance maxima were detected at the same
wavelengths indicating that the puriﬁed protein was in an oxidized
form. With the addition of dithionite, the Soret peak shifted to
432 nm and both of the peaks at 500 and 630 nm disappeared,
but a new peak appeared at 560 nm (Fig. 4A). Puriﬁed T-GAF exhib-
ited a Soret peak at 413 nm with a shoulder at 530 nm. With the
addition of dithionite, the Soret peak shifted to 431 nm and a
new peak appeared at 560 nm (Fig. 4B). The absorbances found
for both S-GAF and T-GAF were similar to each other when the do-
mains were reduced by dithionite. Under anaerobic conditions,
deoxy-ferrous heme is detected because dithionite reduces the
heme and functions as an O2 scavenger.
The peaks of reduced S-GAF and T-GAF were monitored follow-
ing aeration (Fig. 4C and D). Upon O2 exposure of T-GAF, the Soret
peak shifted to 415 and the 560 nm peak was divided to two peaks
at 545 and 580 nm (b and a peaks, respectively). Interestingly, the
change was sudden, and coincided with the disappearance of the
dithionite absorbance at 350 nm. The 560 nm peak did not
decrease until the dithionite was all gone, which implies that
T-GAF was not oxidized and the reduced T-GAF becomes an oxygenins (black) were oxidized by ferricyanide, and the oxidized proteins (purple) were
was recorded by scanning three times (orange, red, and dark red). Reduced S-GAF (C)
s changed to the ferric form or oxyferrous form (thick black). During aeration, the
ange of the visible bands is indicated by arrows.
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indicating reduced heme decreased upon O2 exposure. The absor-
bance at 500 and 630 nm increased, which implies that the ferrous
S-GAF became oxidized.
3.3. Upon O2 exposure, the hemes of S-GAF
E87A and S-GAFE87G bind
oxygen
The freshly puriﬁed mutant proteins were bright red. Wave-
length scanning of the two mutant proteins S-GAFE87A and S-GA-
FE87G showed that they had a Soret peak at 412–413 nm and a
and b peaks around 545 and 580 nm unlike wild type S-GAF pro-
tein (Fig. 5A and B). This suggests that S-GAFE87A and S-GAFE87G
contained oxygen bound heme. Oxidation by ferricyanide treat-
ment shifted the Soret peak to 410 nm and abolished a and b
peaks. In S-GAFE87A a new peak at 500 nm appeared as found for
oxidized wild type S-GAF while the shape of the absorbance peak
at 500 nm for S-GAFE87G was closer to that found for T-GAF. When
reduced with dithionite, S-GAFE87A and S-GAFE87G lost the a and b
peaks and the Soret peak shifted to 432 nm while a new peak ap-
peared at 560 nm, which corresponds to the deoxyferrous form.
Reduced S-GAFE87A and S-GAFE87G were exposed to air and the
absorption spectrum of each was scanned between aeration steps.
Aeration of reduced S-GAFE87A and S-GAFE87G decreased the
560 nm peak and the Soret peaks were shifted back to around
412–413 nm (Fig. 5D and E). In both mutants, a and b peaks ap-
peared, which suggests that the hemes in the mutants were con-
verted to oxyferrous forms (Fig. 6A). Like T-GAF, a and b peaks in
S-GAFE87A and S-GAFE87G appeared after the dithionite was all gone.
3.4. Upon O2 exposure, the heme of T-GAF
G85E is oxidized as found for
S-GAF
In T-GAF, the absence of an amino acid side chain at G85 may
keep the channel to the heme open. To block the channel as inFig. 5. Absorption spectra of S-GAFE87A, S-GAFE87G, and T-GAFG85E. Puriﬁed S-GAFE87A (A),
the oxidized proteins (dark purple) were reduced by dithionite. After dithionite treatm
(orange, red, and dark red) for S-GAF mutants or scanning eight times (rainbow and dar
exposed to air. The spectrum of the reduced proteins (dark red) was changed to the oxyf
rainbow (red to purple), dark purple and black colors. The change of the visible bands iS-GAF, a mutant T-GAFG85E was generated by introducing the side
chain of glutamic acid at G85. Wavelength scanning of the mutant
protein showed that it had a Soret peak at 408 nm and two peaks at
500 and 630 nm like wild type S-GAF (Fig. 5C). With ferricyanide
treatment, absorbance maxima were detected at the same wave-
lengths indicating that the puriﬁed protein was in an oxidized
form. With the addition of dithionite, the Soret peak shifted to
431 nm and both of the peaks at 500 and 630 nm disappeared,
and again, a peak representing the reduced form appeared at
560 nm. The peaks of reduced T-GAFG85E were monitored following
aeration (Fig. 5F). Upon O2 exposure, the T-GAFG85E Soret peak
shifted back to 408 nm and the 560 nm peak disappeared; how-
ever, a and b peaks were not present, which was unlike the results
found for the wild-type T-GAF. This result showed that T-GAFG85E
was oxidized and, similarly to S-GAF, did not become an oxy-
bound form when it was exposed to air (Fig. 6B).
4. Discussion
Most heme containing sensor proteins bind a ligand such as
oxygen directly. In such proteins, a heme is usually bound at a cre-
vice; however, the heme in the GAF domain is embedded inside of
the protein and isolated from oxygen. If O2 cannot approach the re-
duced heme iron quickly before being oxidized the sensor cannot
bind oxygen. The size of the channel can control oxygen binding
properties in the GAF domain. T-GAF has a wide-open channel
and the heme can be in an oxygen bound form. In S-GAF, the chan-
nel is narrow and closed by E87, making it difﬁcult for O2 to access
the heme iron. Deletion of the E87 side chain in S-GAFE87A and S-
GAFE87G opens the channel and the heme becomes more accessible
to oxygen. These mutants can exist in the oxy-ferrous form like T-
GAF, and a simple mutation at E87 was sufﬁcient to allow DosS to
become an oxygen sensor. Although the a and b peaks indicating
oxygen binding are not as large as those in T-GAF, at least some
of the S-GAF mutants bind oxygen. Conversely, when a glutamicS-GAFE87G (B), and T-GAFG85E (C) proteins (black) were oxidized by ferricyanide, and
ent, the change in the absorbance spectrum was recorded by scanning three times
k red) for T-GAFG85E. Reduced S-GAFE87A (D), S-GAFE87G (E), and T-GAFG85E (F) were
errous form (thick black). During aeration, the change of the spectrum is shown by
s indicated by arrows.
Fig. 6. Comparison of absorption spectra. (A) The O2-bound spectra of T-GAF (dotted line) and O2-bound T-GAF like S-GAF mutants, S-GAFE87A (solid line) and S-GAFE87G
(dashed line). (B) The spectra of oxidized S-GAF (dotted line) and oxidized T-GAFG85E (solid line).
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S-GAF, reduced T-GAFG85E lost its oxygen-binding properties and
was oxidized upon O2 exposure because the channel to heme
was blocked by the side chain of E85. Recently, a single mutation
of DosS that changed E87 to glycine successfully mimicked DosT
in a complementation test with a M. smegmatis DevS deﬁcient mu-
tant [5]. M. smegmatis has one histidine kinase, DevS, for the re-
sponse regulator DevR. M. tuberculosis DosT can complement
DevS while wild type DosS cannot.
Although S-GAF is structurally similar to T-GAF, S-GAF plays a
different role because it loses its electron before O2 approaches
the heme. In addition to the problem of accessibility of O2 to heme
described above, the oxidation rate could also be an important fac-
tor. S-GAF and T-GAF and their mutants show different spectra
during reduction with dithionite or oxidation in air. Unlike wild-
type T-GAF, T-GAFG85E, which lost its oxygen-binding ability, was
oxidized at the time of the ﬁrst scan after its exposure to air as
shown in Fig. 5F. A decrease in the size of the peak at 560 nm indi-
cated that the reduced form of heme was observed in S-GAF during
air exposure while in T-GAF that the peak was detectable longer
(see Fig. 4C and D). When the oxidized T-GAFG85E was treated with
dithionite, it was not reduced as quickly as the other proteins (see
Fig. 5C). These observations are interesting and further
experiments would be required to understand the oxidation rates
of S-GAF, T-GAF, and their mutants.
A simple mutation at E87 in S-GAF changes its characteristics so
that it becomes similar to T-GAF. E87, which blocked the heme-
binding channel within the protein, is an important amino acid res-
idue necessary for the function of DosS as a redox sensor. A muta-
tion at G85 in T-GAF that probably blocks the channel changed its
properties to resemble those of S-GAF. Taken together, the accessi-
bility of O2 to the heme in the GAF domain was a key factor that
confers this sensor protein with its role as a redox or oxygen
sensor.
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